We combine neutron powder diffraction and x-ray single-crystal magnetic diffraction at the Eu L 2 edge to scrutinize the magnetic motif of the Eu ions in magnetoelectric EuTiO 3 . Our measurements are consistent with an antiferromagnetic G-type pattern with the Eu magnetic moments ordering along the a,b -plane diagonal. Recent reports of a novel transition at 2.75 K with a flop of magnetic moments upon poling the sample in an electric field cannot be confirmed for a nonpoled sample. Our neutron diffraction data do not show any significant change of the structure below the Néel temperature. Magnetoelastic coupling, if present, is therefore expected to be negligible.
I. INTRODUCTION
Multiferroic materials attract a great deal of interest due to the complex phenomena arising from multiple coupled order parameters existing in the same system. 1 An interesting subfamily are the magnetoelectric multiferroics, where it is possible to control the ferroelectric polarization via a magnetic field 2 and the magnetization by an electric field. 3 The interplay of spin and other electronic or lattice degrees of freedom can induce giant magnetoelectric effects, 4, 5 as well as novel types of excitations, 6 paving the way for future applications in sensors, data storage, and spintronics. 7, 8 A material which has recently attracted attention is magnetoelectric EuTiO 3 , which show an unusual coupling between dielectric, magnetic, and structural degrees of freedom. It can also be deposited as high quality epitaxial thin films, 9 a prerequisite for envisaging practical application in functional devices. Moreover, the presence of a large polarization and ferromagnetism in strained films has been predicted theoretically and reported experimentally, although only at very low temperatures so far. 10, 11 At room temperature bulk EuTiO 3 possesses a cubic crystal structure described by the prototype perovskite P m3m space group. 12 A structural transition 13, 14 to the tetragonal I 4/mcm space group has been recently reported. The transition temperature is still controversial. Specific heat measurements suggest a structural instability at T A = 282 K, 14 while high resolution x-ray powder diffraction is able to resolve a peak splitting due to the cubic to tetragonal transition only at T B = 235 K. 13 In order to reconcile this discrepancy Allieta et al. propose the presence of short-range correlation in the transient regime between T A and T B , a position supported by results from their pair distribution function analysis below T A . 13 At T N = 5.3 K the localized 4f moments on the Eu ++ (S = 7/2, L = 0) sites order in a G-type antiferromagnetic arrangement, 15 that is, the six nearest neighbors have opposite spins while the 12 next-nearest neighbors have parallel spins. Concomitant with the onset of antiferromagnetism, the dielectric constant decreases abruptly (∼3.5%) and shows a strong enhancement as a function of the applied magnetic field (∼7% at B ∼ 1.5 T), providing evidence for magnetoelectric coupling. 16, 17 From the dielectric point of view, EuTiO 3 is described as a quantum paraelectric, as its low temperature dielectric constant increases on cooling and saturates below approximately 30 K. 16 No long-range polarization is known to set in, despite high values of susceptibility, typical of a paraelectric state stabilized by quantum fluctuations. 18 In bulk magnetoelectrics the coupling between various degrees of freedom is realized at a microscopic level, 19 hence a detailed knowledge of the crystallographic and magnetic structure is vital to any further investigation and modeling. Following the recent report of a structural transition, 13 we reexamined the low temperature magnetic structure by the combined use of neutron and x-ray magnetic diffraction. Both techniques have been successfully applied to study the complex magnetic structure of several magnetoelectric multiferroic materials, [20] [21] [22] [23] [24] [25] 
II. EXPERIMENTAL DETAILS
Polycrystalline EuTiO 3 powder was prepared by solid-state reaction. A stoichiometric mixture of Eu 2 O 3 (99.9% purity; Metall Rare Earth Limited) and TiO 2 (99%-100%; SigmaAldrich) was ball-milled and reacted for 10 h at 1000
• C under a flowing mixture of 5% H 2 in Ar (100 ml/min). The resulting phase purity was checked by laboratory x-ray powder diffraction. Part of the powder was reground and pressed into bars (13 × 2 × 2 mm) using 10 4 Pa uniaxial pressure. Finally the bars were sintered for a further 10 h at 1000
• C under a reducing atmosphere (100 ml/min of 5% H 2 in Ar). A small fragment of such a bar (9.6 mg) was used to measure the specific heat and the results were found to be consistent with the literature. 14 Single crystals were grown in a floating-zone furnace. 35 For the low temperature phase we refer always to the tetragonal I 4/mcm crystallographic structure (space group 140 with lattice constants a = 5.508Å and c = 7.805Å at 80 K).
Neutron powder diffraction experiments were performed at the D2B and D20 beamlines at the Institut Laue Langevin, Grenoble, France. 4.47 g of EuTiO 3 powder was put in a 57 mm long double walled vanadium sample holder with 11 mm outer diameter and a 1 mm inner ring space for the sample. The experiments at D20 were performed with a wavelength λ = 0.8127Å to minimize the Eu absorption. Acquisition of a single pattern took roughly 2 h. At D2B data collection was performed with a wavelength of 1.594Å and a high resolution setup. Data acquisition of a single pattern took roughly 12 h and was therefore performed only at 1.5 and 12 K due to time constraints. At both beamlines the neutron flux was of the order of 10 7 neutrons/s. Refinements of the powder neutron diffraction data were carried out using the FULLPROF 36 program, with the use of its internal tables for scattering lengths and magnetic form factors. A symmetry analysis was performed using the method of Bertaut 37 as implemented in the BASIREPS 38 program to determine all possible spin configurations that are compatible with the tetragonal symmetry of the compound.
Resonant x-ray scattering experiments were performed on a EuTiO 3 single crystal at the ID20 39, 40 beamline of the European Synchrotron Radiation Facility, Grenoble, France. The x-ray energy was tuned in the vicinity of the Eu L 2 edge, at approximately 7.610 keV (corresponding to a wavelength of 1.629Å). The beamline energy resolution was 1 eV. Vertical and horizontal scattering geometries were used such that the beamline provides σ and π polarized photons, respectively. σ (π ) polarization is perpendicular (parallel) to the diffraction plane. A gold (222) crystal was used for polarization analysis of the diffracted beam (whose state of polarization is denoted by primed quantities). For π σ scattering, the suppression of the σ σ channel was approximately 99.9%, and vice versa. Analysis of the polarization of the diffracted intensity enables the estimation of the Stokes parameters P = (P 1 , P 2 , P 3 ), which describe the state of the polarization of the diffracted beam. When the polarization is linear, the mean helicity is zero and P 3 = 0. P 1 represents the linear polarization parallel (P 1 = −1) and perpendicular (P 1 = 1) to the scattering plane. P 2 represents the linear polarization at plus or minus 45
• . We use P to refer to the polarization state of the incident x rays and P to refer to the polarization state of the diffracted x rays. 41 The polarization analyzer setup can be rotated around the scattered beam by an angle η. At each point the integrated intensity can be determined by rocking the analyzer's θ axis (θ P A ). The resulting integrated intensities can then be fitted to the equation
to obtain the Poincaré-Stokes parameters P 1 and P 2 . P 0 is proportional to the intensity of the incident x-ray beam.
41-43
The linear polarization of the incident photons can be rotated by the use of diamond phase plates 41, 43, 44 and also circularly polarized light can be produced. 45 The EuTiO 3 single crystal was cut in order to have the [001] direction (as well as the [110] one, given the presence of crystallographic twins, due to the cubic-tetragonal phase transition) perpendicular to the sample surface. The chosen facet was then mechanically polished with fine diamond powder to have a shiny surface.
III. RESULTS AND DISCUSSION
We discuss first the results of our neutron powder diffraction. High resolution data at 12 K were found consistent with the tetragonal structural model proposed in Ref. ), which corresponds to the Wyckoff position (4b). There are only two irreducible representations (irreps) associated with the 4b site and the (0, 0, 0) propagation vector supporting antiferromagnetic ordering: mag = 6 ⊕ 9 . 6 (one-dimensional) supports antiferromagnetic ordering along the c axis while 9 (bidimensional) favors an antiferro-type order within the a,b plane. It is in general possible to distinguish the a,b plane ordering from the c axis one as neutrons are only sensitive to the magnetic moment component perpendicular to the scattering wave vector. As an example, the absence of the (002) magnetic reflection would suggest the moments to lie along the c axis. Vice versa, the observation of the (002) reflection would support the presence of magnetic ordering in the a,b plane. Unfortunately, the magnetic structure factor in our particular case is zero for both the {00l} and the {hk0} reflection families and therefore the selection rules cannot be applied. The two solutions were tested against the data giving similar agreement factors (R mag = 12.4) and therefore no conclusive statement can be made about the magnetic structure. The value of the Eu ++ magnetic moment (μ = 7 ± 1 μ B ) was found to be consistent to the free ion as previously reported. 15 The large uncertainty arises from the large neutron cross section of the Eu ions, which severely affects the observed intensities.
Single crystal neutron diffraction would be needed in order to clarify the motif of the Eu magnetic moments, but given the large Eu neutron absorption cross section, we discarded this possibility. In such cases magnetic x-ray diffraction constitutes an appealing alternative to neutron diffraction. The x-ray cross section for magnetic scattering is normally very small. However, at synchrotron photon sources such weak signals are routinely measurable. X-ray magnetic scattering rotates the polarization of the incoming x rays, which may be conveniently studied with the help of a polarizer crystal. The main advantage of using x rays to study magnetism is given by the element sensitivity that is achieved when working close to an atomic absorption edge. Resonant x-ray diffraction occurs when a photon excites a core electron to empty states, and is subsequently reemitted when the electron and the core hole recombine. [46] [47] [48] anisotropic contributions to the x-ray susceptibility tensor, [49] [50] [51] the amplitude of which increases dramatically as the photon energy is tuned to an atomic absorption edge. In the presence of long-range magnetic order, or a spatially anisotropic electronic distribution, the interference of the anomalous scattering amplitudes may lead to Bragg peaks at positions forbidden by the crystallographic space group. An example of such a resonance enhancement occurring at the Eu L 2 edge for the magnetic intensity in EuTiO 3 is given in Fig. 2 . X rays thus prove to be a valid alternative or complementary tool to neutron diffraction for the study of magnetic structures. 52, 53 In addition, its superior resolution in reciprocal space simplifies the precise determination of incommensurate magnetic phases, a worthwhile property in cases where the incommensurability is very small. 54 We therefore performed a study of the Eu magnetic motif by taking advantage of the resonant enhancement of the magnetic intensities occurring at the Eu L 2 edge. At this edge, which corresponds to a 2p to 5d electric dipolar transition, sensitivity to magnetism arises from the hybridization between the 4f and 5d wave functions. The x-ray magnetic cross section depends on the direction of the magnetic moments relative to the polarization of the x rays. This dependence is exploited by rotating the sample about the diffraction wave vector and collecting intensities as a function of the so-called azimuthal angle ψ. When the azimuthal degree of freedom is not available (e.g., experiments in a magnetic field) or when a sample is prone to have domains, an alternative approach is to keep the sample fixed at a given azimuthal angle and to instead change the direction of the polarization of the incident x rays, the so-called linear polarization scan (or, shortly, polscan). 41 We call ζ the angle that materializes this rotation.
In our x-ray experiments we have combined both approaches. First, we have performed an experiment with the sample cooled by a helium flow cryostat in horizontal • domains. The continuous lines represent a fit with the domain population as the only free parameter, indicating that the domains contribute 60 ± 4% and 40 ± 3% of the diffracted intensity, respectively. Measurements were performed in the vicinity of the Eu L 2 edge at ψ = 0
• , which corresponds to having the a axis in the diffraction plane. The inset shows the simulation of the Poincaré-Stokes parameters expected for a magnetic motif with the moments along the c axis. The measurements were performed at 7.612 keV. scattering geometry. The diffraction plane was defined by the [001] and the [100] directions. Given the lack of freedom to vary the azimuthal angle, we performed a polscan whose results are shown in Fig. 3 . It illustrates the measured values for the Stokes parameters of the (105) magnetic reflection at 2 K. Second, we have complemented such studies with an azimuthal angle dependence of the (341) reflection which is shown in Fig. 4 (performed in vertical scattering geometry with the sample mounted in a closed-cycle He refrigerator). The helium flow cryostat was initially preferred due its superior temperature stability at the magnetic ordering temperature of EuTiO 3 .
Let us discuss our results. To understand the origin of the x-ray resonant magnetic cross section, it is customary to use the expression first derived by Hannon and Trammel for an electric dipole (E1) event:
where the first term contributes to the charge Bragg peak. The second term corresponds to magnetic diffraction.ẑ n is a unit vector in the direction of the magnetic moment of the nth ion in the unit cell, and ( ) describes the polarization state on the incoming (outgoing) x rays. 55 It is then clear that the intensity of the magnetic diffraction depends on the motif of the magnetic moments and therefore on the orientation of the sample relative to the incident x-ray polarization state. In particular a noncollinear magnetic motif will produce in general different diffraction intensities depending on the helicity of the incident x rays. Rotating the sample about the diffraction wave vector results in a smooth change of the diffracted intensity that enables the reconstruction of the magnetic moment motif. Similar considerations hold also for a linear polarization scan, where the sample is kept in a fixed position and the polarization of the incident x rays is rotated by the angle ζ . Note that Eq. (2) is an approximation for the resonant magnetic scattering cross section which, strictly speaking, is only valid for a spherically symmetrical Eu environment. The quasicubic site symmetry of the Eu ion, and the observation of a single resonance in the energy dependence of the magnetic reflections (Fig. 2) , suggest that the Eu crystal field splitting is negligible, and therefore give confidence in the use of the spherical approximation. A more detailed discussion on the subject is presented in Ref. 56 .
If the Eu magnetic moments order according to 6 , the magnetic structure factor is given by F m = ẑ n e iφ n = (0,0,f c ), where φ n is the appropriate phase factor for the nth ion. Using the second term in Eq. (2) it is possible to calculate the expected magnetic intensity as a function of the polarization of the incoming and outgoing x rays and of the azimuthal angle. Detailed examples of such calculations can be found in Refs. 48 and 57-59. For a generic (h 0 ) reflection with = σ,π and = σ ,π , one obtains the following cross sections for the four polarization channels:
An analogous calculation can be performed for the 9 irreducible representation, leading to
where A c , A ab , B ab , and C ab are constants dictated by the experimental geometry and θ B is the Bragg angle. For the (105) reflection we have A c = −0.52, A ab = −2.52, B ab = 1.77, and C ab = 0.7. We can therefore test the calculated cross section against the azimuthal angle dependencies recorded experimentally or predict the values of the Stokes parameters 60 of the diffracted intensity as exemplified in Refs. 61 and 62. An attempt to explain the modulations of the Stokes parameter and the azimuthal angle dependence by considering the sample to be in a single magnetic domain was not successful (χ 2 > 1000). 63 The inset in Fig. 3 shows a comparison between the data and the simulations performed with the magnetic moment along the c axis ( 6 ) which result in χ 2 > 1000. Therefore, we considered the contribution of two domains that do not scatter coherently. This applies only to the case with the magnetic moments in the a,b plane. The two domains are related to each other by a rotation of 90
• about the c axis. Assuming an equal population for the two domains, with the magnetic moment motif abiding by 9 , describes the observed polscan data sufficiently well (χ 2 = 192). As shown in Fig. 3 , the agreement with observation is further improved if an imbalance in the domain population is taken into account (χ 2 = 18). Therefore, our evidences suggest that the Eu magnetic moments lie in the a,b plane.
Unfortunately the presence of domains limits the amount of information we can extract from the polscan measurements. Namely, we are not able to determine the direction of the magnetic moments relative to the crystallographic a axis. Therefore, in order to obtain more insight into the direction of the magnetic moments in the a,b plane, we performed a study of the azimuthal dependence of the (341) reflection. The charge contribution to this reflection is very weak and that of the Eu ions is forbidden by virtue of the I 4/mcm space group extinction rules. Furthermore, it is possible to separate charge and magnetic diffraction by virtue of polarization analysis. Indeed, a charge contribution is absent from the π σ channel, as only magnetism has the property of rotating the polarization of the incident x rays. The intensity modulation in the π σ channel as a function of the azimuthal angle ψ is shown in Fig. 4 . Data have been normalized by the azimuthal intensity modulation of the fundamental reflection (330). For the (341) reflection, assuming the moments lie in the a,b plane and for a single domain sample, the second term in Eq. (2) leads to if we were to postulate that the moments were along the [100] direction (see the dotted line in Fig. 4 65 The proposed motif for the magnetic moments is illustrated in Fig. 5 .
Finally, we comment on recent experiments that have proposed the existence of another critical temperature T * = 2.75 K. 65 It is suggested that above this temperature the magnetic moment easy axis flops from the a,b plane to the c axis. The existence of such a phase has been revealed by poling the sample under electric field, which effectively creates a monodomain sample. Figure 1 illustrates a difference pattern resulting from neutron diffraction between 2 and 3 K. Our neutron experiments below T * cannot prove or disprove the flop of the magnetic moments, given that the powder diffractogram is consistent with both magnetic moment orientations. However, we do not observe any significant change of the structural reflections below the Néel temperature and close to T * or any anomaly in the magnetic diffracted intensity. Therefore, our diffraction measurements suggests that in the unpoled sample the magnetic moments stay within the a,b plane, even above T * . In this respect, results from Petrovic et al. 65 suggest an appealing possibility to manipulate the Eu spins through an applied external electric field.
IV. CONCLUSION
We have combined neutron powder diffraction and magnetic resonant x-ray diffraction to study the magnetic structure of EuTiO 3 . We find that the magnetic moments order in an antiferro G-type motif, with the moments lying within the a,b plane along the plane diagonal. The Eu magnetic moment value is compatible with the one expected for a free ion. Moreover, our neutron powder diffraction patterns suggest the absence of any further transition below the Néel temperature, for a sample not poled in electric field. Further experiments in applied electric field are planned to scrutinize the report of the low temperature spin-flop phase.
